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ABSTRACT
Cotton fibers are single-celled structures that dif-
ferentiate from epidermal cells of the outer integu-
ment of the seed coat that elongate, fill with sec-
ondary cell wall cellulose, mature and die. Stud-
ies, which include the analysis of gene expression
throughout fiber development and the detection
of fiber quality QTLs, are underway in many labo-
ratories to identify loci and/or genes of interest
that might explain the underlying mechanisms that
determine cotton fiber development and quality.
The model plant Arabidopsis thaliana is being used
to investigate the molecular basis of many impor-
tant biological functions, some of which, such as
cell differentiation, cell elongation, and cellulose
biosynthesis and deposition are relevant to the de-
velopment of cotton fiber cells and orthologous
genes active in these processes might provide use-
ful candidates for genes that determine fiber qual-
ity traits. Cellulose synthesis, in particular, could
play an important role in determining certain as-
pects of cotton fiber quality, such as fiber length,
strength, or fineness. Recent advances in under-
standing the synthesis of cellulose have come from
the analysis of A. thaliana cellulose-deficient mu-
tants, and the isolation of a number of genes in-
volved in this process, including the 10 members
of the catalytic sub-unit of the cellulose synthase
(CESA). Database searching has identified a num-
ber of cotton EST CESA orthologs that cluster with
A. thaliana sequences rather than together, allow-
ing the identification of orthologs for five of the 10
A. thaliana CESA isoforms. Furthermore, one cot-
ton EST formed a branch on its own, possibly indi-
cating a specialized function for this gene in fiber
development. Other genes involved in cellulose bio-
synthesis, as well as genes involved in cell elonga-
tion or in maintaining polarized cell expansion have
been identified in A. thaliana.and for most of these
genes, cotton orthologs can be found among fiber
ESTs.  These orthologs represent useful candidate
genes to develop molecular markers for genetic
mapping, fiber quality QTL analysis, and diversity
studies in cotton and could be the targets for trans-
formation experiments aimed at understanding
their respective contribution to fiber quality, thus
opening the way to the genetic engineering of
cotton for the modification of fiber traits.
Introduction
Cotton fibers are specialized single-celled struc-
tures that undergo four different but overlapping de-
velopmental stages: cell differentiation, cell elongation
(primary cell wall synthesis), cell thickening (secondary
cell wall synthesis), and maturation (cell death and de-
hydration) (Basra and Malik, 1984). Each of these stages
will have an impact on the quality of the end-product:
the rate and duration of the stage of cell elongation
will determine fiber length, while the stages of fiber
initiation and cell wall thickening, or the combination
of both, will impact on the fineness of the fibers. De-
spite the interest in understanding the molecular bases
of fiber quality to optimize cotton (fiber) improvement,
little is known on the molecular events underlying the
various parameters determining fiber quality.
A first approach used to understand the genetic
bases of fiber quality and to identify loci involved in
determining such parameters consists in the molecular
mapping of fiber quality QTLs. Recent advances in this
field have led to the identification of molecular mark-
ers linked to such QTLs in cotton (Jiang et al., 1998;
Paterson et al., 2003; Zhang et al., 2003), which should
facilitate the manipulation of chromosomal regions in-
volved in determining important quantitative traits
through the use of molecular markers in a marker-as-
sisted selection (MAS) program. Though useful for
breeding programs aimed at improving fiber quality,
this approach does not allow the identification of the
specific genes involved in determining the trait of inter-
est, nor does it allow the understanding of how these
genes contribute to the trait.
The isolation of genes expressed in cotton fibers,
and the study of their expression throughout fiber de-
velopment could contribute to be a better understand-
ing of the molecular mechanisms regulating fiber
growth and in fine, involved in determining fiber qual-
ity. Recent years have seen advances in the character-
ization of such genes and of their expression profiles
(for examples, see Wilkins and Jernstedt, 1999; Harmer
et al., 2002; Li et al., 2002, and references therein).
Although these types of experiments do not constitute
the proof of the involvement of a particular gene in the
elaboration of fiber quality, nor do they permit an in-
sight in the complexity of gene regulation and interac-
tion, they are most useful in identifying important genes.
Indeed, such fiber-specific (or fiberenriched) genes
constitute good candidate genes that could be used to
develop molecular markers for fiber quality QTL analy-
ses. Such analyses could constitute a first step towards
linking a specific gene (or allele thereof) to a pheno-
type.
Another avenue for the identification of fiber qual-
ity candidate genes is to take advantage of the knowl-
edge gained from studies using Arabidopsis thaliana.
Indeed, this model plant is being used to investigate
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the molecular bases of important biological functions,
some of which may be relevant to the development of
cotton fiber cells. Among the important biological func-
tions of plant cells, cellulose biosynthesis and deposi-
tion, cell elongation, and polarized cell expansion are
those that seem the most relevant for the study of cot-
ton fiber development. For each of these functions, A.
thaliana mutants have been identified, and the corre-
sponding genes isolated. Examples of such genes in-
clude those encoding the catalytic sub-unit of the cellu-
lose synthase (CESA genes), other genes involved in
cellulose biosynthesis (KORRIGAN, Nicol et al., 1998;
KOBITO1, Pagant et al., 2002), COBRA (Schindelman
et al., 2001, Roudier et al., 2002), a gene involved in
maintaining the orientation of cell expansion, and genes
involved in maintaining the orientation of microtubules
(BOTERO1, Bichet et al., 2001; TONNEAU1, Traas et
al., 1995) (for reviews, see Delmer, 1999; Williamson
et al., 2002; Doblin et al., 2002).
As a first step in applying the A. thaliana candi-
date gene approach to cotton fiber quality QTL analy-
sis, we have identified the cotton ortholog(s) of some
of these genes among the fiber ESTs available in public
databases. These sequences were then positioned on
a genetic map of tetraploid cotton, which was derived
from an interspecific cross (G. hirsutum var. GuazunchoII
x G. barbadense var. VH8, Lacape et al., this volume).
Experimental procedure
Phylogenic analysis of cotton and
A. thaliana CESA sequences
The phylogenic analysis of the CESA sequences
from cotton and A. thaliana was conducted as described
in Fagard et al. (2000). The unrooted tree was built
after aligning the second hypervariable (HVR2) domain
(corresponding to amino acids 690 to 743 in the
Arabidopsis CESA6 member (PROCUSTE 1 (PRC1)
Fagard et al. (2000)) of the A. thaliana and cotton CESA
sequences. The HVR2 region was chosen to build the
phylogenic tree due to sequence availability (the cotton
ESTs correspond to 3-end sequencing), but also to
maximize the chances of distinguishing different family
members, which otherwise are very conserved.
Identification of the cotton
orthologs of the A. thaliana genes
of interest
In order to identify the cotton ortholog(s) of the
A. thaliana genes of interest, the latter sequences were
used to search the NCBI EST database (dbEST) using
the BLAST function. In some cases (as for the search
for the ortholog of the KOR gene), no significant ho-
mology with cotton sequences was found. In such a
case, the TBLASTX (translated query-translated db)
function was used. Only the cotton sequence showing
the highest homology with the A. thaliana sequence
was used for further analysis.
Development of molecular markers
from candidate gene sequences
The cotton sequences of the candidate genes
were used to design adequate primers. In the case of
the CESA sequences, primers were chosen as to am-
plify the HVR2 domain. The specificity of the primers
was checked through sequencing of the PCR amplifi-
cation products. The amplification products were then
used as RFLP probes. Alternatively, the same primer
pairs were used to generate CAPS markers or as prim-
ers for a modified AFLP protocol (M. Giband, unpub-
lished).
Mapping of the candidate genes
The mapping population is composed of 75 BC1
plants originating from an interspecific cross between
G. hirsutum var. GuazunchoII and G. barbadense var.
VH8 (backcrossed to the G. hirsutum parent). The
Mapmaker software was used to position the markers
for which polymorphism could be detected between the
parental varieties. The mapping population, and the
parameters used, are described in more detail in Lacape
et al. (this volume).
Results
Phylogenic analysis of cotton and
A. thaliana CESA sequences
The complete sequencing of the A. thaliana ge-
nome (The Arabidopsis Genome Initiative, 2000) has
revealed that there are 10 isoforms of the catalytic sub-
unit of the cellulose synthase (CESA) (see http://
www.arabidopsis.org/home.html; http://cellwall.
stanford.edu/). Among the (close to) 50,000 cotton fi-
ber EST sequences present in the NCBI EST database
(GenBank dbEST Release 021403 from Feb. 14th 2003
contains close to 39,000 ESTs from G. arboreum and
close to 10,000 ESTs from G. hirsutum), a number of
them show homology to CESA genes. When consider-
ing the G. hirsutum sequences (including non-EST se-
quences), these can be classified into six different
contigs (http://cellwall.stanford.edu/). A phylogenic
analysis was used to study the relationship between the
10 A. thaliana sequences and those from cotton (G.
hirsutum). In this study, the HVR2 domain, correspond-
ing to amino acids 690 to 743 close to the C-terminus
of the PRC1 sequence, was used to construct the simi-
larity tree. This choice was guided not only for practical
reasons (many of the G. hirsutum ESTs correspond to 3
single-pass sequences), but also because it maximizes
the chance of distinguishing among the different family
members (Fagard et al., 2000) which otherwise show a
high degree of similarity. The results of this analysis show
that the cotton sequences do not cluster together, but
with one or more sequences from A. thaliana (Figure
1). Thus, the HVR2 domain of the CESA proteins is more
conserved among orthologs of the same isoform than
among different isoforms from the same species. G.
hirsutum (Gh) EST-AI728789 (named Gh CesAX in this
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study) formed a cluster with A. thaliana (At) CesA9, At
CesA2, At CesA5 and At CesA6, while Gh CelA2
(U58284) clustered with At CesA4, Gh EST-AI725882
(Gh CesA4) clustered with At CesA1 and At CesA10,
Gh CelA3 (AF150630) with At CesA3, and Gh CelA1
(U58283) with At CesA8. Interestingly, Gh EST-
AI727450 (Gh CesAN) formed a clade on its own, point-
ing to a possible specialized function for this gene per-
haps in fiber development. No cotton sequence clus-
tered with At CesA7, indicating that, if present in the
cotton genome, the ortholog of this gene is not highly,
or at all, expressed in fibers.
Identification of cotton orthologs
The analysis of A. thaliana mutants has led to
the isolation of a number of genes involved in biologi-
cal functions that are relevant to fiber development.
Indeed, the way (and amount) cellulose is synthesized
and deposited within fiber cells, the rate and duration
of cell elongation (or polarized cell expansion), and
other such phenomena will have a repercussion on the
(physical) properties of the mature fiber. A. thaliana
mutants impaired in such functions have been identi-
fied and the gene(s) involved characterized (see Table
1). Searches in the NCBI EST database, using the
BLAST or TBLASTX functions, in conjunction with
clustering information (Figure 1) led to the identifica-
tion of at least one cotton ortholog for each of the A.
thaliana sequences of interest (Table1). This shows that,
not surprisingly, the great biological functions are con-
served among plant species. In our study, only the cot-
ton sequence showing the closest match with any given
A. thaliana sequence was retained for further analysis.
Mapping of the candidate genes
Genes involved in the functions that seem rel-
evant to the elaboration of fiber quality represent valu-
able candidate genes for a QTL analysis. The genes
that were considered are those encoding different genes
of the CESA family (Figure 1 and Table 1), as well as
the cotton orthologs of A. thaliana genes of interest
identified through mutants (Table 1). As a first step to-
wards using these candidate genes for a fiber quality
QTL analysis, we sought to position these genes on a
map of tetraploid cotton (Lacape et al., this volume). To
this end, several techniques were used to detect poly-
morphism, within the candidate genes, between the
parental species of the mapping population. Among
the 11 candidate genes tested (6 Gh CESA isoforms,
and the orthologs of KORRIGAN, KOBITO, TONNEAU1,
COBRA, and BOTERO1), only for two of them (Gh
CELA3, Gh KORRIGAN) were we not able to detect poly-
morphism between the parental species. The nine can-
didate genes that showed polymorphism revealed 16
loci, between one and four scorable loci being revealed
per gene tested. Figure 2 shows an example of a poly-
morphism detected by using a candidate gene (Gh CO-
BRA) as a RFLP probe, while Figure 3 shows an ex-
ample of a polymorphism revealed using candidate
gene-derived primers to develop CAPS markers.  Map-
ping allowed assigning the 16 polymorphic loci to 13
chromosomes or linkage groups. Locus CesA1-a
mapped on chromosome c4, Kob-b and Bot-a both
mapped on chromosome c22, CesA1-c was localized
on chromosome c5, Kob-a on linkage group D04, Bot-
b and CesA4-a are both found on c16, CesAN-a on
c9, Bot-c on c23, CesAX-a on c12. COBRA was mapped
on chromosome c26, while CesA2-a and CesA1-b were
on linkage groups A02 and D03 respectively (J. M.
Lacape, personal communication). CesA1-d was posi-
tioned between microsatellite markers CIR003 and
BNL1066 on linkage group A03, while Ton1-a and
Ton1-b both co-localized with RFLP markers A1296 and
pXP3_26a, and microsatellite markers BNL2895a,
CIR398, CIR061a and CIR068 on linkage group D02
(Lacape et al., this volume).
Discussion
Recent years have seen the unprecedented de-
velopment of efforts aimed at understanding the mo-
lecular bases of cotton fiber quality. These efforts range
from the mapping of fiber quality QTLs (Jiang et al.,
1998; Paterson et al., 2003; Zhang et al., 2003) to the
identification, isolation, and study of genes expressed
in developing fibers (for examples, see Wilkins and
Jernstedt, 1999; Harmer et al., 2002; Li et al., 2002,
and references therein; see also http://
cottongenomecenter.ucdavis.edu/). Nevertheless, due
to the complexity of the processes that underlie the
elaboration of traits such as fiber quality, it is most prob-
able that not one single approach will be sufficient to
gain a better understanding of the molecular events
involved. Instead, an integrated effort combining vari-
ous approaches (genetics, genomics, biochemistry...)
has a much better chance of succeeding in unraveling
such a complex system. In addition to the
abovementioned efforts undertaken in cotton, the
transposition of knowledge gained from the study of
model systems (in this case, A. thaliana) to species of
agronomical interest represents an attractive avenue.
Indeed, this model plant is being widely used to study
biological functions that are relevant to the develop-
ment of cotton fiber cells, and thus to the elaboration
of fiber quality.  Not only has the genome of A. thaliana
been completely sequenced, but numerous mutants,
impaired in important functions, have also been iden-
tified (see http://www.arabidopsis.org/home.html).  This
has led to the identification of key genes involved in
these functions, and in some cases, has allowed the
biochemical characterization of the mutants, making it
possible to link together gene expression data, bio-
chemical data, and phenotype.
As a first step in demonstrating the usefulness of
such an approach, we have isolated the cotton orthologs
of genes of interest identified in A. thaliana, and used
them to develop molecular makers, allowing these
genes to be positioned on the genetic map of tetrap-
loid cotton. The next step will consist in analyzing if
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these genes tightly co-localize with fiber quality QTLs. If
so, the molecular markers derived from these genes
could be used in marker-assisted selection programs
aimed at improving fiber quality, or to conduct studies
on the genetic diversity of genes of interest. The final
proof of the involvement of a candidate gene in the
elaboration of a given trait will come from the analysis
of mutants affected in this gene, and/or through cotton
transformation experiments aimed at understanding its
contribution to fiber quality.
The cotton orthologs of genes of interest identi-
fied in A. thaliana represent useful candidate genes to
study the molecular bases of fiber quality. Such genes
can be used to develop molecular markers for genetic
mapping, fiber quality QTL analysis, and diversity stud-
ies. Furthermore, these genes could be the targets for
transformation experiments aimed at understanding
their respective contribution to fiber quality, thus pav-
ing the way to the genetic engineering of cotton for the
modification of fiber traits.
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Figure 1.
Phylogenic tree based
on the HVR2 domain of
the A. thaliana and
cotton CESA protein
sequences. The cotton
sequences cluster with
one or more sequences
from A. thaliana,
rather than together,
indicating better
conservation between
orthologs than be-
tween isoforms
(adapted from Fagard
et al., 2000).
Figure 3.
An example of polymorphism detected using candidate gene-derived CAPS markers. The arrow points
to the G. barbadense-specific band, which is absent from the G. hirsutum parent, and present in the
F1 and in some plants of the segregating BC1 population. G.b: G. barbadense; G.h: G. hirsutum;
F1: F1 plant originating from the interspecific cross; lanes P1 to P38 represent different BC1 plants.
Figure 2.
An example of polymorphism revealed by using a candidate gene (COBRA) as a RFLP probe. The
arrow points to the G. barbadense-specific band (upper band), which segregates among progenies
of the BC1 mapping population. G.h: G. hirsutum; G.b: G. barbadense; P1 to P27 represent differ-
ent BC1 plants originating from a cross between the parental species.
